Introduction

Abstract
For elderly patients with glioblastoma multiforme (GBM), randomized trials have shown similar survival with hypofractionated short-course radiotherapy (SCRT) compared to conventionally fractionated long-course radiotherapy (LCRT). We evaluated the adoption of SCRT along with associated factors and survival in a national patient registry. Using the National Cancer Data Base (NCDB), we identified patients aged ≥70 years with GBM, diagnosed between 1998 and 2011, who received SCRT (34-42 Gy in 2.5-3.4 Gy fractions), or LCRT (58-63 Gy in 1.8-2.0 Gy fractions). Crude and adjusted hazard ratios (HR) were calculated using Cox regression modeling. 4598 patients were identified, 304 (6.6%) in the SCRT group and 4294 (93.4%) in the LCRT group. Median follow-up was 8.4 months. Median age was 78 versus 75 years, respectively (P < 0.0001). Patients who received SCRT had higher Charlson-Deyo comorbidity scores versus LCRT (score of ≥2: 16.9% vs. 10.8%, respectively; P = 0.006), and were more likely to be female (53.0% vs. 44.6%, P = 0.005). Patients who received SCRT were less likely to undergo chemotherapy (42.8% vs. 79.3%, P < 0.0001), more likely to undergo biopsy only (34.5% vs. 19 .5%, P < 0.0001), and more likely to receive treatment at academic/research programs (49.2% vs. 37.2%, P = 0.0001). Median survival was 4.9 months versus 8.9 months, respectively (P < 0.0001). The survival detriment with SCRT persisted on multivariable analysis [HR 1.51 (95% CI: 1.33-1.73, P < 0.0001)], adjusting for age, gender, race, comorbidities, diagnosis year, facility type, surgery, and chemotherapy. In conclusion, hypofractionated SCRT was associated with worse survival compared to conventionally fractionated LCRT for elderly patients with GBM. Patients who received SCRT were older with worse comorbidities, and were less likely to undergo chemotherapy or resection.
outcomes and equivalent quality of life outcomes in the elderly, the optimal RT dose fractionation and the benefit of chemotherapy in this population is an area of active investigation [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] .
A randomized controlled trial (RCT) and several retrospective studies conducted in the elderly suggest that short course radiation therapy (SCRT) of 34-40 Gy in 2.6-3.4 Gy fractions, with or without TMZ, may have similar results to LCRT [23] [24] [25] . Results from the Nordic trial suggested that SCRT may be superior to LCRT in patients aged ≥70 years [26] . Based on the available data, SCRT is recommended in the National Comprehensive Cancer Network (NCCN) guidelines as a Category 1 treatment option for patients >70 years old with Karnofsky performance status (KPS) of ≥60 or <60 [27] .
Given the evolving story on RT fractionation for elderly patients with GBM, we used the National Cancer Data Base (NCDB), a national patient registry, to determine RT treatment trends in the United States, identify demographic, clinical, and treatment factors associated with the use of SCRT, and evaluate survival outcomes for elderly GBM patients ≥70 years old treated with SCRT versus LCRT.
Materials and Methods
Study population
We queried the National Cancer Data Base (NCDB), a hospital-based prospective patient registry of American College of Surgeons Commission on Cancer accredited facilities, which captures approximately 70% of all cancers diagnosed in the United States, to identify elderly patients, defined as ≥70 years-old at the time of diagnosis, who were diagnosed with GBM between 1998 and 2011. Patients with radiation dose fractionation details were included, and divided into two groups based on receipt of either SCRT (34-42 Gy in 2.5-3.4 Gy fractions), or LCRT (58-63 Gy in 1.8-2.0 Gy fractions). The full exclusion criteria are summarized in Table 1 .
Study variables
Demographic data on age, gender, race (white, black, or other), insurance status (private, Medicare, Medicaid/other government insurance, or uninsured), median income (<$30,000, $30,000-$35,999, $36,000-$45,999, or ≥$46,000 as determined by zip code), education level (percent of the population without a high school degree as determined by zip code), and year of diagnosis were collected. KPS and Charlson-Deyo comorbidity index scores were extracted to control for underlying patient health status. Treatment facility type was collected (categorized as community programs, comprehensive community programs, or academic/research institutions). Treatment details were extracted including extent of resection, and receipt of chemotherapy.
Statistical methods
The primary outcome of interest was overall survival (OS). The non-parametric Wilcoxon-Mann-Whitney test was used to assess difference in median age while Chi-square tests were performed to analyze difference in distribution SCRT, hypofractionated short-course radiotherapy; LCRT, long-course radiotherapy using conventional fractionation. 1 Other radiotherapy modalities such as radiosurgery, brachytherapy, and Gamma Knife were excluded.
of categorical variables. Survival rates were estimated using the Kaplan-Meier method, and log-rank tests were used to determine statistical significance. Crude and adjusted hazard ratios (HR) with 95% confidence intervals (CI) were calculated using Cox regression modeling. Pre-selected covariates were assessed with descriptive statistics, and included in the multivariable model if significantly associated with RT dose fractionation scheme. All tests were two-sided; P < 0.05 were considered statistically significant. Statistical computations were performed on SAS 9.3 system (SAS Institute, Cary, NC) or GraphPad prism software (version 3.0, GraphPad Software).
Results
Study population and treatment patterns
A total of 4598 patients were identified in the NCDB database who met our inclusion and exclusion criteria (Table 1) 
Factors associated with SCRT
Patients who received SCRT tended to be older than patients who received LCRT, with a median age of 78 versus 75 years (P < 0.0001; Table 2 ). SCRT patients were more likely to be female (53.0%) than LCRT patients (44.6%, P = 0.005). In terms of race, 91.8% of patients who received SCRT were white, compared to 94.6% of patients who received LCRT (P = 0.011). There was no significant difference comparing the two fractionation groups with respect to insurance status, median income, or education level. SCRT patients had higher CharlsonDeyo comorbidity scores compared to the LCRT group, with 16.9% versus 10.8% having a comorbidity score of ≥2, respectively (P = 0.006). KPS performance status was only available for 3.1% of our patient population (N = 141), of whom 83% (N = 117) had scores of ≥60. Almost half of patients who underwent SCRT (49.2%) were treated at academic/research institutions compared to 37.2% of patients who received LCRT (P = 0.0001). SCRT patients were more likely to receive biopsy only without tumor resection compared to LCRT patients (34.5% vs. 19.5%, P < 0.0001), and were less likely to receive chemotherapy compared to LCRT patients (42.8% vs. 79.3%, P < 0.0001).
Overall survival by RT dose fractionation
Median follow-up was 8.4 months overall; median followup for surviving patients was 21.0 months. Of the 4,598 patients, 4319 deaths were reported. Median OS was 8.6 months for the study group (IQR: 9.6 months), with 1-year, 2-year, and 3-year actuarial survival of 33.3%, 11.0%, and 5.2%, respectively (Table 3) . Kaplan-Meier OS estimates are displayed in Figure 2 , stratified by RT fractionation and receipt of chemotherapy. Patients who received SCRT had worse OS compared to patients who received LCRT (Table 3) , with median RT Fractionation for GBM in the Elderly K. S. Mak et al.
survival of 4.9 months (IQR: 5.5 months) versus 8.9 months (IQR: 9.8 months; P < 0.0001). The crude hazard ratio for death comparing SCRT to LCRT was 1.94 [95% confidence interval (CI): 1.71-2.20, P < 0.0001]. For SCRT patients, 1-year, 2-year, and 3-year actuarial survival was 13.2%, 5.1%, and 1.8%, respectively, compared to 34.7%, 11.5%, and 5.4% for the LCRT group. Median survival for SCRT patients who received chemotherapy was 5.6 months, compared to 9.7 months for LCRT patients who received chemotherapy (P < 0.0001). For patients who did not receive chemotherapy, median survival was 4.3 months for the SCRT group versus 6.6 months for the LCRT group (P < 0.0001). Median survival for SCRT patients who received tumor resection was 5.6 months, compared to 9.9 months for LCRT patients who underwent resection (P < 0.0001). For patients who underwent biopsy only, median survival was 3.8 months for the SCRT group versus 5.7 months for the LCRT group (P < 0.0001).
Multivariable analysis of overall survival
On multivariable analysis (Table 4) , adjusting for age, gender, race, comorbidities, year of diagnosis, facility type, surgery, and chemotherapy, receipt of SCRT remained SCRT, hypofractionated short-course radiotherapy; LCRT, long-course radiotherapy using conventional fractionation; IQR, interquartile range. Insurance status unknown for N = 59; Median income missing for N = 211; Education level (percent without a high school degree by zip code) missing for N = 211; Charlson-Deyo Score missing for N = 310; Facility type missing for N = 9.
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significantly associated with worse overall survival compared to LCRT, with an adjusted hazard ratio of 1.51 (95% CI: 1.33-1.73, P < 0.0001). Age, gender, comorbidities, year of diagnosis, facility type, surgery, and chemotherapy remained significantly associated with overall survival on multivariable analysis (Table 4 ). The survival detriment with SCRT persisted in a subgroup analysis of patients aged 80 years or older, with an adjusted hazard ratio of 1.31 (95% CI: 1.07-1.62, P = 0.011) on multivariable analysis (Table 5) .
Discussion
In our large study using a national database of patients aged 70 years or older with glioblastoma multiforme, we found that patients who were treated with hypofractionated SCRT had worse survival compared to patients treated with conventionally-fractionated LCRT. Patients treated with SCRT tended to be older with more comorbidities, and were less likely to receive resection or chemotherapy. In addition, academic centers were more likely to administer SCRT than community programs. After adjusting for these covariates as well as gender, race and year of diagnosis on multivariable analysis, the survival detriment for patients treated with SCRT compared to LCRT continued to persist. To our knowledge, our report represents the largest study to date comparing survival in elderly GBM patients who received hypofractionated versus conventionally fractionated RT.
Advanced age is a major prognostic factor in GBM, frequently guiding treatment decisions. In addition to potential differences in underlying comorbidities and performance status, younger patients also tend to have a molecularly distinct disease compared to older patients. Specifically, older patients are more likely to show EGFR amplification, loss of 9p, loss of 10q, and gain of chromosome 19 compared to younger patients [28] . Current National Comprehensive Cancer Network (NCCN) guidelines offer IQR, interquartile range; SCRT, hypofractionated short-course radiotherapy; LCRT, long-course radiotherapy using conventional fractionation.
Figure 2.
Overall survival by radiation fractionation and receipt of chemotherapy. SCRT, hypofractionated short-course radiotherapy; LCRT, long-course radiotherapy using conventional fractionation; CT, chemotherapy.
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treatment recommendations for patients with GBM based on age (>70 years vs. ≤70 years) [27] . In this study, patients who received SCRT were significantly older than patients who received LCRT (median age 78 years vs. 75 years), explaining in part the worse survival associated with hypofractionation.
The major limitation of our study is that KPS performance status was only available for 3.1% of the patient population (N = 141). Of note, 83% of the 141 patients with documented KPS (N = 117) were recorded as having scores of 60 or higher. Without performance status for the majority of patients, we accounted for patients' underlying health status by adjusting for comorbidities as measured by the Charlson-Deyo comorbidity index. In addition to age and comorbidities, it is certainly probable that physicians were more likely to recommend SCRT for patients with worse performance status, such that the association between SCRT and worse overall survival was confounded by performance status.
Our finding that SCRT is associated with worse survival compared to LCRT differs from the results of several published randomized trials. The non-inferiority randomized controlled trial (RCT) of patients aged ≥60 years by Roa et al. accrued 100 patients between 1996 and 2001. It was published in 2004 and found similar overall survival comparing LCRT to SCRT (40 Gy in 15 fractions), at 5.1 months versus 5.6 months, respectively (P = 0.57) [23] . KPS was not significantly different in the two arms. However, only 72% of the LCRT patients completed their radiation treatment, compared to 95% of the patients in the SCRT arm; in addition, the trial was not powered to detect an absolute difference in survival and patients did not receive chemotherapy. In our study, all included patients completed their radiation course, and 43% of SCRT and 79% of LCRT patients received chemotherapy.
In the Nordic RCT of patients aged ≥60 years comparing TMZ alone, LCRT alone, and SCRT alone (34 Gy in SCRT, hypofractionated short-course radiotherapy; LCRT, long-course radiotherapy; using conventional fractionation. 1 Multivariable model included all factors with P < 0.05 in Table 2 [26] . However, as in Roa et al., a significant number of patients in this study did not complete their course of radiation treatment [23] . In addition, it is unclear whether these survival differences would persist in the setting of concurrent and adjuvant chemotherapy.
The use of SCRT was associated with increased receipt of biopsy instead of tumor resection compared to LCRT (35% vs. 20%), accounting in part for the detriment in survival with SCRT given that extent of resection is associated with survival [29] . Similarly, less than half of the patients who received SCRT in our study also received chemotherapy. Other prospective and retrospective studies, including a recent analysis of the NCDB database for patients aged ≥65 years diagnosed with GBM between 2005 and 2011, show that patients treated with chemoradiation may have better outcomes than patients treated with chemotherapy or RT alone [12, 30] . A smaller NCDB analysis of GBM patients between 2006 and 2011 who received biopsy only also showed that chemoradiation was superior to RT alone [31] . In addition, likely reflecting the use of SCRT in the setting of clinical trials, we found that academic centers were more likely to administer SCRT compared to community programs.
In this national database study, median survival for our patients aged ≥70 years was 8.6 months, comparable to results from more recent RCTs in the elderly [11, 14, 26] . Survival was highest for elderly patients who received LCRT, resection, and chemotherapy, with median survival approaching 10 months. This figure is still inferior to modern RCTs that included younger patients [5, 6] , where median survival is now 16-17 months, and inferior to a Phase II study addressing SCRT with concurrent and adjuvant TMZ in patients ≥70 years-old with KPS ≥60, where median survival was 12.4 months [21] . While prospective studies are likely biased to include healthier patients, compared to the NCDB which captures about 70% of cancer patients treated in the United States, an important question is what the optimal combination of toxic, costly, and time-consuming treatments including surgery, radiation, and chemotherapy should be for elderly patients with GBM. In our study, of the 4,958 elderly patients treated with radiation with or without surgery and chemotherapy between 1998 and 2011, only 199 (5.4%) were treated with SCRT. Despite multiple RCTs published in the study period [23, 25] that demonstrated similar or even superior survival with SCRT, there did not appear to be a marked increase in the percentage of patients receiving SCRT with time. Future studies will be needed to determine not only the optimal treatment for this patient population, but to address patterns in the adoption of newer treatment paradigms such as SCRT.
There is currently no consistent age threshold for the definition of elderly patients with GBM. In our study, we defined the elderly population as age ≥70 years, in part because the same threshold is used in the NCCN guidelines [27] and multiple RCTs addressing GBM treatment in the elderly [11, 21, 26] , and the median age at diagnosis of GBM is 65 years [10] . However, we recognize that as life expectancies continue to improve and cancer is diagnosed at more advanced age, the definition of elderly could shift. We performed a subgroup analysis of patients aged ≥80 years, and although the number of cases diminishes, the survival disadvantage with SCRT remained statistically significant.
Our study has a number of limitations that can be expected with NCDB analyses. The database attempts to capture information on molecular characteristics of the diagnosed cancers but many patients have missing data; for GBM, MGMT methylation status, an important prognostic factor [32] , was only available for 2.1% of our patient population (N = 98), and 1p19q status was only available for 0.9%. In addition, the granularity between patients receiving gross total resections versus subtotal resections, which has known prognostic importance [29] , is not captured by the NCDB. It is possible that patients who received SCRT were less likely to receive gross total resections, which could account in part for poorer survival outcomes in this group. Finally, although we did include receipt of chemotherapy as a variable in our multivariate model, we could not stratify by type of chemotherapy or exact timing of chemotherapy relative to radiation [33] , as these details are not captured in the NCDB. Indeed, SCRT, hypofractionated short-course radiotherapy; LCRT, long-course radiotherapy using conventional fractionation. 1 Multivariate model includes all factors with P < 0.05 in Table 2 (age, gender, race, Charlson-Deyo comorbidity score, year of diagnosis, facility type, surgery, and chemotherapy). Charlson-Deyo score was not available for 1998-2002; therefore model was restricted to 2003-2011.
the patients in our cohort span the era before and after concurrent TMZ became the standard of care [5, 6, 34] .
Strengths of our study include the large patient population, which enabled a robust multivariable analysis, and availability of detailed information on radiation dose and fractionation. Furthermore, the study population was likely more representative of the majority of patients seen in our clinics, compared to patients selected for RCTs. Ultimately, the results of our study are hypothesisgenerating and further prospective investigations will be necessary, ideally addressing additional important outcomes in addition to survival including quality of life, financial toxicity, and psychological concerns.
In conclusion, hypofractionated SCRT was associated with worse survival compared to conventionally fractionated LCRT for elderly patients with GBM. Patients treated with SCRT tended to be older with more comorbidities, and were less likely to receive resection or chemotherapy. Outside of a clinical trial where patients are carefully selected and have relatively good performance status, our study presents results from a large national patient registry capturing approximately 70% of GBM patients.
